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 TECHNICAL MEMORANDUM X- 400

CONTROL FLUTTER STABILITY ANALYSIS
'SATURN SA-1 (DUMMY UPPER STAGES) *

By Robert S. Ryan

SUMMARY ' ' L

An investigation was carried out to determine the control feedback
"stability characteristics of the Saturn SA-1 vehicle, with a 220-inch
dummy second stage and & 120-inch dummy third stage, including loadings
due to sloshing propellants. Analyzed were the control frequency (pitch
or yaw and roll) bending modes (L4 lateral, 2 torsional) and propellant
sloshing roots.

The results are accomplished by the determination of (1) free-
free uncoupled bending mode deflection curves and frequencies, and
uncoupled natural sloshing frequencies without the interaction of the
control system (2) the gain and phase of filters for each control loop
that will give absolute stability and desired relative stability, and
(3) +the computation of the coupled frequencies of the system under
flight conditions. :

Rate gyros were compared with a lead network as means of obtaining
control damping. The use of a local pressure semsing or an Edcliff vane
ot -meter for o ~control was studied with no apparent dlfference in
effect upon vehicle stability.

Ehefeffect of aerodynamic forces upon vehicle bending stability was
determined as well as the effect of propellant sloshing and structural
damping. Artificial phase was introduced into the control loop as a way
of determining the relative stablllty.

Stability exists for all cases investigated with very little or no
instabilizing influences coming from the sloshing propellants.- A state~
ment can be made that baffles will not be needed in the lower. parts of ‘the
booster tanks to achieve propellant sloshing stability. Enough damplng
will be provided by the Z-rings of the TO-inch diameter outer ring tanks.
Aerodynamic forces had very little effect upon vehicle bending stability.

Bending mode stability was achieved by two methods: phase stabiliza-
tion and attenuation stabilization. Attenuvation stabilization is the most
favorable when the magnitude of the bending mode frequency is well above
the control freqpency




I. (C) INTRODUCTION

The purpose of this paper is to present the results of a control
feedback stability analy51s of Saturn SA-1 (dummy second and third
stages)

For this analysis the vibrational results of the bending analysis
were used considering the five booster lox tanks as contributing to
the stiffness. It is believed, however, that due to the redundancy of
the system the applied bending method leads to higher values than in
the actual case. The first bending mode would be decreased by approxi-
mately 20%. This, however, will not drastically change the results of
this analysis. An investigation treating this fact is in the process.

A comprehensive study was made for the coupled frequencies of the
lateral and torsional bending modes, sloshing, pltch control, roll
control, and of the swivel engine.

Different control systems were considered:

- 1. Edcliff angle-of-attack meter (alpha control).
Rate gyro for pitch control damping €7-channel
Lead network for roll control damping 28 ~channel

2. Local engle-of-attack meters (alpha control).
Rate gyro for pitch control damping ﬁP-channel
Lead network for roll control damping 29 -chanmel

3. Local angle-of-atback meters (alpha control).
Lead network for pitch control damping ¥ -channel
Lead network for roll control damping 2R ~channel

As a preliminary study, phase and gain requirements necessary to
give each control loop maximum control feedback stability were deter-
mined. Utilizing this data, Guidance and Control Division designed
appropriate filters, and a further stability analysis was performed
using the appropriately designed filters.

: Sloshing stability was achieved independent of the control loops
by the use of anti-sloshing devices. To further ascertain the effect
of the propellant sloshing, an enalysis was performed by considering
the propellant solidified. ‘




IT. NOTATION

Radius of propellant tank

s
2p Gain factor ¢ -channel
aor | Gain fé.ctor 79 ~channel
ay Gain factor ¢ -channel
a1 _ Gain factor ! -channel
b, . -Gain factor X -channel
A Indicated acceleration in/ sec”
A(s) ‘ Transfer function of amplifier plus actuator
ﬂEl : Thrust vector angle engines 1 and 2
ﬁ E, Thrust vector angle engines 3 and 4
/6 ¢y Command signal to engines 1 and 2
02 Command sigpal to engines 3 and 4
?P 'Damping factor pitch rate gyro
Dp(s) . Transfer function demodulator éﬂ—cha_nnel
']')'(s) - Transfer function demodulator o -channel
Dr(s) |  Transfer fﬁnction demodulator -channel
Fp(s) Transfer function filter (/-channel
F_(s) Trensfer function filter )-channel
F(s) ' | Transfer function filter o -channel
T, ‘ Thrust of individual swivej. engine
g - Longitudinal vehicle acceleration
Bup |  Damping factor for sloshing propellant

Gain factor accelerometer channel




h, " Propellant height
Lp(s) ~ Transfer function lead nestwork ¢ -channel
»Lr(s) Transfer function lgéd network 1 ~channel
Q ) Dynamic-rmessﬁre‘
| ZTE ‘Fifst,momeht swivel engine about swivel point
X.a & Accelerometer X-station
XV Angle-of-aﬁtack meter X-stétionk
XT : Thrust application X-station |
X'fR . Locgtion of roll gyros
XLPP Locétion of pitéh 'gyros’
ij Slope’of beﬁding mode deflection curve
Y&A | Bending mode deflection curves (normallzed to 1 inch
at the vehicle nose)
y o Complex amplitude of translation of vehicle
S = o FArw . Coupled root of system .
A\ Complex amplitude factor of vehicle rojl angle
3&L ' lcdmplex amplitude factor in lateral veh'kle bending

. Aerodynamic damping factor angle-of-attafk meter

<

Mechanical damping factor angle-of-attac W@eter

AN Wy WA
=

Damping factor accelerometer ‘ t

A
?E Damping fagtor'swivelfengine
‘7;* ‘Complex amplitude factor of torsional bending
q&) - Comp;ex vehicle pitching angle ;
W | Natural angular frequency of the angle-of?attack meter




Natural angular freQuency of the swivel engine
Natural angular frequency of the acCelerometers
Natural angular frequency of the Pitch réte,gjro

Natural anguiar fredpency of the roll rate gyro -

Rotation of swivel engine relative to space

Compliance of swivel engine




III. (C) DISCUSSION
A, (C) Assumptlons
We assume that

, l. The response curves of the Saturn Qp-channel demodulator,
amplifier, and actuator will be the same as those for the Jupiter.

2. The instationary aerodynamic Hrces computed by using
slender body theory are valid for the Saturn vehicle configurations.
This is appropriate since the meximum stagnation pressure is in the
transonic speed range.

3« The effect of the flowing propellant upon stability can
be neglected, since the flowing propellants cause a slight increase in

damping of the systen.

k. The effect of guidance terms upon stability is small and
is not considered.

5. Four swivel engines will be used for both roll and pitch
control.

6. The propellant sloshing of the second and third stage
tanks will be suppressed by completely filling the tanks with water.

B. (U) Procedure

The basic procedure for anélyzing the control stability of the
Saturn SA-l vehicle consists of three parts. These are the determinatio
of: :

1) The uncoupled free~free torsional and lateral bending mode
frequencies and deflection curves, and the natural propellant
frequencies (without the inclusion of the exterior forces and
the control system)

2) The location of the sensors (gyros and accelérometers) with
the phase and gain requirements of the control loop for this
location; and

3) The coupled frequencies for the vehicle during flight. The
, results of part (1) are published in DA-TM-34-60. (Reference 3

To accomplish parts (2) and (3), the equations of motion of the
system are determined by the use of Lagrange's equations in modified
form.




The generalized coordinates, gi's, are independent of.each other .
and specify the configuration of the system. The number of genera.llzed
coordinates is the same as that of the degrees of freedom for holonomic
conditions. According to Figure 1 and Figure 2, the system under con-
sideration has the following degrees of freedom:

1. The lateral tramslation y of the undeformed vehicle
center line. : ’

2. The ro’ca’cn.on $0 of the vehicle relative to an inertisl
system.(pitch). :

3. The rotation 'lQ of the vehicle relative to an inertial
system (roll).

h, The dlsplacement ? of the sloshing propellant mass
relative to the tank wall.

5. The rota’c:.on Y of the swivel engine relative to an
inertial system.

v 6. The elastic deformation of the vehicéle in lateral bending
represented by the amplitude ’7 of the (~th bending mode at the nose
of the vehicle. ‘ :

T« The elastic deformation of the vehicle in torsional
bending represented by the amplitude 7, of the ¢”~th bending mode
at the nose of the vehicle. '

' 8. The compliance & of the swivel engine which is the
difference between the actual deflection angle of the swivel engine

and the control signal ( & = [, - /62’ 3 &, = /552 - 4, )

The degree of freedom of the longitudinal translation was eliminé:bed
by the special choice of the coordinate system as mentioned above. For
this investigation, 4 lateral bending modes { @ = 2) were used. .

The derivation of the equations (without roll and torsion) is
given in Reference 2. The additional equations needed to include the
roll and torsional degrees of freedom were taken from an unpublished
addendum to Reference 2. The resulting set of equations are linear,
homogeneous, second order differential equations. A set of solutions
is assumed in the form

9; (4 =g, &% W




where s = ¢’+ iw., This removes the time dependence and transforms

the equations into algebraic, linear, homogeneous equations in q; . For
non-trivial solutions to exist, the determinant of the coefficients must
vanish. This is done by an iterative procedure (Reference 2). The
values of s, thus obtained, is used to compute the values of the unknowns
q + « The homogeneous set of equations gives only the ratios of the
un.knorwns 5 therefore, one variable can be chosen arbitrarily. Since we
know the minimum and maximum response amplitudes, neglecting second.
order effects, which are functions of the angular frequency 6 , the
logical choice is the engine deflection angle /5’5‘; « The frequency
dependent can be written as '

4Zmin () ) = 0.0L degrees or 0.0001745 radisns
y7 2

B wex (o) 59:-?-%3,-1-5- soxle] > 1.9k

A, max () = 0,122173 forfes) £ 4.9%

All phase relations are given relative to the engine deflection amgle
"+ The positive direction of ,6‘,2 is in the negative y-direction
(Flgu.re 2). Two sets of solutions are now obtained which can be written

in general form by using (1) as

o‘t | . - o
i’( )mm (Z mm [C’os wt + 4 o‘/"nwt,] (2)

O e Lt csnot]

The solutions are then damped if o is negative, undamped if < is
equal to O, and diverging if" o is positive in sign. If <« is equal to
zero, we have static stability conditions. Other mathematical procedures
are discussed under the section to which they are most applicable.

C. (U) Tank Arrangement

- Figure 3 presents a cross section of the SA-l vehicle showing the
propellant tanks and their locations., The booster consists of a cluster of
eight 7TO-inch diemeter btanks surrounding one 1l05-inch diameter tank..

.The 105=-inch diameter tank and four TO-inch diameter tanks contain LOX.
The other four TO~-inch diameter tanks contain fuel. The LOX or fuel
tanks are connected by separate inner-connecting pipe lines leading into
one feed line so that the propella.nt level in all LOX fuel tanks will be
approximately the same.
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‘Since the sloshing characteristics are the same for each of four
TO-inch diameter fuel or LOX tanks, we denote the four TO-inch diameter
fuel tanks as Tenk 1 and the four TO-inch diameter LOX tanks as Tank 3;
the 105-inch diameter LOX tank is denoted as Tank 2,

The theory for ligquid oscillations used in this investigation was

_ derived for flat bottom cylindrical tanks. To adept the propellant
tanks of the Saturn vehicle to this theory, the conical portions of the

tanks were mathematbtically replaced by cylinders of equal volume.

"D, (U) Control System

The control system used in this investigation consists of the
Jupiter ¢ -channel demodulator and amplifier-actuator. The compliance
of the swivel engine was taken into account by using an engine natural

- frequency of 1l cps and a demping value fE = 0.07.

For low frequency oscillations, the control equations can be.
written as:

/e ’Q@kffé{a‘p 9{;*-4022&— 2,0 Yy +j%r S 2
/42 = oy b 0 %ﬁi'aé‘ﬁ&/e"am’&e"“[’o"(v S (5)

Two equations are necessary since the same engines are used for
roll and piteh (or yaw). If the signal is pure pitch or yaw, the
equatz.ons 'become iden”c:.cal.

Eight actustors are used for roll control. The relatlon of the
angle of the four sw:.vel engines as used. in this 1nvest1gatlon lS
given on F:Lgure 2 :

Rewriting equ.a.tions (&) and (5) in trensfer function form and
including both rate gyros and lead network for control damplng , the

control equatz.ons become:

/6c, { [D(S)L(5)+(m3 25? ]F(s) ?9[0(5)[72(3)4»

+ 5(1/2 F. () 4+ 5 5(5)/5(5)} A(S) o ()
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{;”P (s)L (5)+{5)Z zsf ]F(y) 7.9[0(5).4 ;) +

S48 ]&{$)4 a'v [>_o D‘(s)f:(s))?/l(s) S

(GEE=n

where yp is the total pitch angle sensed by the gyros and is written
as

%’-’éﬂ—w?)’()(}p) : (8)
e

o, is the total indicated angle-of-attack and is written as

4

2R AU ot O P LA A A 91 o
e (TR

zﬂ R is the total roll angle a.rid is written as

.& 7}4-272 (X;o)

o(vg

A block diagram of a con't.rol system that includes all possible
control configurations is given on Figure 4. For example: If the
lead network is used for control demping in lieu of rate gyros, the
rate gyro transfer function is set equal to zero and the lead network
transfer function is inserted in the appropriate block. Other
components can be changed by the same procedure.

The trensfer functions of the filters, lead network, and the rate
gyros were calculated from the electrical or physical components of the
system and are valid for complex frequencies. The transfer function of
the actuators was found experimentally. :

E. (C) Data

Electrical gain values, a,, a1, and b, for .3 cps con'brol fre=
quency is plotted on Figure 5 ?versus fl:.ght time).
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The uncoupled free-free lateral bend_mg mode frequencies and
deflection curves (normalized to 1 at tke vehicle nose) are taken from
DA~TM-34=-60 (Reference 1). Trajectory data are presented on Table 1,

Figure 6 is a graph of the undisturbed propellant heights in inches
vs flight time in seconds for the different propellant tanks. A plot of
the natural free-free sloshing mode frequencies is given on Flgure 7.
Values for three slosh:.ng modes are graphed.

The swivel engine na’cural frequency was assumed to be 14 cps with
T% of critical demping. The damplng is due to the fluid in the
actuators.

The structural damping factor in labteral and torsional bending was
assumed to be a conservative 0.0020 and .0065, respectively.

The rate gyro used was assumed to be T0% cribically damped with
a natural frequency of 16 cps.

. The phase and ga.ln characteristics of the local angle-of-at'ba.ck
meter are taken from DA- M-211, 30 January 1958.(Reference 6)

The frequency of the Edcliff angle-of-attack mete:r is plo’cted on
Figure 8. Its aerodynamic and mechanical . damplng was assumed to be
0.005 and 0,015, respectively.

F. (C) Cases Investigated

To assist in the determination of an appropriate control system for
the Saturn vehicle, SA-l dummy upper stages, several types of system were
investigabed and are as follows:

1. A ~channel Edcliff angle-of-attack meter
‘;0 ~channel Rate gyro for pitch control damping
- ~channel Lead network for roll control demping

2. o =channel  Local angle-of-attack meters
: ~channel Rate gyro for'pitch control damping
~channel Lead network for roll control damping

3. A -chénnel " Local angle~of-attack meters
tP ~channel Lead network for pitch control dsmping
) =channel lead network for roll control damping

The effects of various parameters upon 'bhé systems are studied and
include:

1. The effect of propellant sloshing by considering the liguid
solidified and free to oscj
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2

3‘

Different propellant damping devices

Rate gyro located at different positions

&

Cbupled. roots are obtained for:

'lQ
2.
3.
L.
5e
6.

Later-al bending modes -
Torsional bending modes
Swivel engine mode
Pi‘cch confrol mode

"Roll control mode

Sloshing propellant
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IV. (C) RESULTS

A. (C) Basic Concepts Used for Interpretation and Direction

The guided vehicle may be thought of as an electromechanical
system. The servo system contains electrical, mechanical and hydraulic
devices. By the time the refined control stability analysis is to be
made, the vehicle system is determined by performance requirements
detailed by the mission of the vehicle. This leaves only the addition
of a filter or shaping element to the control loop as a means to gain
required stability characteristics. The characteristics for the
filtering deyices can be given in transfer function form as gain (K)
and phase ( %ﬁ The role of the unit becomes evident in éxpressions
for overall system performance. The purpose of this phase of the
investigation is to determine the transfer function of the filter unit
in terms of overall system performance. The system performance is by
necessity frequency dependent; therefore, the transfer function of the
unit must be specified as

K( (}e L ¢(f) = filter transfer function | (10)

By simplifying the equations of motion (considering only one
oscillation at a time and each control loop separately), the frequency
dependent transfer function can be specified in terms of desired perfor-
mance. This, then, uniquely détermines the transfer function. - The two
performance questions that arise are: (1) absolute stability defined
as any free oscillation in the system which does not continue indefinitely
(2) relative stability defined as the magnitude of the damping, the time
rate of decay for the oscillation, and the magnitude of frequency shift
due to the control system coupling. The absolute stability is uniquely
determined by the phase of the total control loop. This has been given
in detailed form in previous reports (DA-TM-65-5G, Reference 3 and
DA-TM-110-59, Reference 4). The relative stability is basically deter-
mined by the total gain and structural damping of the system. Two
methods of achieving absolute stability from bending modes can be used:

(l) Fhase ‘stabilization: The filter is designed by lead and
lag units to produce the maximum absolute stability for a
prescribed gain level. The following figure is-a root locus
plot with phase lag O~ as parameter show1ng;max1mum absolute
stability. :




1k

Max. Stability

DITAGRAM 1

(2) Attenuvation stabilization: The signal sensed by the control
sensor is attenuated in the control loop. Strong attenuvation
‘results in the domination of the mechanical damping, regardless
of the phase of the control loop.

The second method lends itself to fewer uncertainties and is
probably the superior method. It, however, cannot be accomplished
when a mode frequency is near the control frequency (which is fixed).
This is due to the attenuation of the filter interfering with the
nominal a , and a; gain values. The Saturn SA-l has the first mode
bending frequency close to the control frequency and, therefore, must
be phase stabilized. The other modes can be attenuation stabilized.

_ The attenuation stabilization method can be Justified since the
time for total decay of the oscillation (e ~ ) takes precedence over
the percentage of critical damping ( 3’ ). At the bending mode
frequencies, even low 3 will give a strong decay rate.

For the determination of the filter, transfer function k’e-”té
is mathematically introduced in the control equation where T (s) is the
total transfer function of a lead network or rate gyro and demodulators
and T (s) is the transfer function of the sensor and the demodulator
filter for the ™ ~channel.
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Sﬁ,——-—ﬁg—. T(s) K;e A(s)

E(s) ;75?

oy—@—=| T(s) —fe’® A(s)

MISSILE DYNAMICS

DIAGRAM 2

The procedure considers only one loop of the control system at a
time by setting the appropriate gain (K, or ) equal to zero. The
other K(K, or K,) value is set to unity. Artificial phase (&) is
introduced in h50 increments from 0-360O and produces a root locus
plot (diagram 1) for each bending mode at a given flight time. The
phase producing maximum absolute stability is thus obtained. Using
optimum phase, the appropriate gain factor for the control filter is
computed. This gain value is determined for a 7 (percentage of critical
damping) = .0l. The value of § is kept at this low magnitude to
restrict the root shift and to facilitate component design. The
transfer function has been determined for all important frequencies by
this procedure, and produces a filter transfer function

F- tie™ BCES

By utilizing the transfer functions thus obtained, Guidance and
Control Division designed filters which will produce the transfer
function. '

- A, (C) Phase and Gain Study Results

1. g—mmmml

a. Rate Gyro for Control Damping; Position Gyro
for Angle Derivation. .
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Two locations were studied for the rate and position gyros, namely,
station +36 and -474 inches. The actual rate gyro equation was used to
compute the transfer function for the rate gyro which is 70% crltlcally
damped and has a natural frequency of 16 cps.

Gyros located at the top of the second stage (X¢p= -h?h inches)

The phase and gain requirements for this case are glven on Figure 9.
Stability is represented by the shaded area and instability by the
unshaded area. Arbitrary phase lag introduced in the system is given
on the ordinate axis. Frequency is plotted against the abscissa. The
width of the block represents the change in frequency versus flight
time. Initial and cutoff times are marked on the graph. The phase
required to give maximum control feedback stability (maximum -0”) is
represented by the solid line. At the top of each block the average
gain value K is given which will result in a §= .OL. (ao and ay
values used were for a control frequency of .3 cps, Flgure 5).

For maximum absolute stability in the first bending mode,a 1 to 3
attenuation and a phase lag of 80° are needed. Attenuvation, however,
cannot be accomplished and from the response curve of the y’fllter
designed for this type control channel (Figure lO), it is noted that the
gain is higher than that requested. This is acceptable since the phase
is near that which is required for maximum absolute stability. The
second and third bending modes are not dependent upon phase for stability
for, as previously mentioned, stability is achieved by attenuation.
Note, however, that the gain is much smaller than the .6 value specified
but i a desirable quality as it assures further that the signal will be
attenuated and the damping provided by structural damping and aero-~
dynamic forces. A phase study is not made for the fourth mode. Filter
will provide maximum attenuation for fourth and higher modes.

Shifting the position of the rate and position gyros to station
Xy = +36 inches (Figure 11), it is found that the same filter can be
utilized since the phase requirement for the first bending mode shows
only slight changes for either gyro location. The phase requlrement
for absolute stability of the second bending mode is shifted 180° and
the attenuation increased by a factor of 4. These are values which
are within the tolerances that will insure stability. Desired attenuation
for the third bending mode is fulfilled by the previous filter. Presen-
tation of the location for the rate and position gyros with respect to
the node and antinode points of the bending modes is given on Figures 12-15.
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b. Lead Network

- Utilizing a lead network and with the position gyro location at

station X, = +36 inches the phase and gain requirements do not change
to any great extent from those obtained when a rate gyro was used.
(The top of the booster, station X, = +36 inches, was felt by Guidance

and Control Division to be the most advantageous position for the gyros;
hence, only one location will be investigated for the present and
remaining cases). See Figure 16 for the gain and phase requirements
and Figure 17 for the response curve and diagram of the -filter and
lead network. '

At the first bending mode frequencies, the filter is well adapted
for desired phase and gain values. For the second and third bending
modes which, as previously mentioned, are stabilized by attenuation and
thus are independent of phase, the filter design is adequate. As a
matter of fact, attenuvation is greater than required.

2. Accelerometer Channel

With the accelerometer located at station X, = +36 inches, the
results indicate that, with the required gain, extremely large values
of attenuation are required to achieve a ?::0.0l. (Figure 18.)
As a result, only phase stabilization could be an acceptable method
for control stability. At the present time, therefore, it is not
deemed advantageous to attempt to utilize accelerometers for o\ -control
on SA-l vehicles. At a later date, further study will be made to
investigate the feasibility of accelerometer control which will perhaps
lead to an acceptable filter.

3. & ~-Channel

a. Bdcliff angle-of-attack meter

From the phase and gain requirements shown on Figure 19; a filter
was designed within the tolerances required for good stability. See
Figure 20 for a graph of the response curve. For maximum stability in
the first bending mode, the filter very closely gives the value of the
phase required for optimum stability. A desirable quality is found
in the gain since it is of such a value (Low) to provide for an attenu-
ation type damping. Second and higher bending mode signals are well
attenuated.

b. Local angle-of-attack meter
Presented on Figure 21 are the values obtained for phase and

'gain necessary to give maximum feedback stability. The filter design
utilized for the Edcliff meter contains characteristics which meet
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the stability requirements in the presenf case; hence, it is used for
our analysis. o : '

4, Roll Channel

- Figure 22 is the phase and gain requirements necessary for
torsional bending mode stability. The control system designed to
meet these requirements is given on Figure 23, and as shown the
response of the system is adequate for use in the roll channel.

B. (C) Root Study for Final Control Systems

1. Bending Mode Roots

The basic philosophy used in achieving stability by phase or
attenvation and the resulting design of an appropriate filter were
discussed in Part IIT A. In this portion of the investigation, a
study is made to determine the validity of the filter and to. investi-
gate further the effects caused by introducing various parameters.

a, Edeliff & -meter, Rate Gyro for Control Damping

Using an Edcliff angle~of-attack meter for o¢ -control and a
rate gyro for control damping in the Sp-channel, the control system
is in an acceptable stability range for the first, third, and fourth
bending modes; the second bending mode stability is of a marginal
nature. As depicted on Figures 24-27, o’ vs flight time, the
difference in stability for either frozen or sloshing propellant
(damped by Z-rings guf = .065) is of no consequence. To Ffurther
indicate the stability of the control system, a second set of graphs
is given (Figures 30-33) on which ff(percent of critical damping)
is plotted vs flight time. .

Several stability characteristics of the third and fourth
bending modes are worthy of mention. At 20 seconds of flight time,
the third bending mode frequency reaches a resonance condition with
the angle-of-attack meter frequency which results in an increase of
stability. (See Figure 8 for a plot of the natural free-free frequen-
cies.) At the fourth bending mode frequency, a resonance condition
occurs with the angle-of-attack meter and swivel engine frequencies
at 30 and 50 seconds flight time, respectively. The result is an
increase in stability for the fourth bending mode.
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(Note: Due to the resonance condition occurring between

the bending mode and swivel engine frequencies, the swivel
engine stabllity decreases at T0 seconds flight time. See
Figure 32 for a plot of © vs flight time for the swivel
engine root associated with the lead network cases. Only
one plot is given for the swivel engine root since the type
of control system has little effect upon the stability of
the swivel engine root.)

b. Local X -meter, Rate Gyro for Control Damping

Retaining the rate gyro for control damping in the 9ﬂ—channel

and changing from vane to a local type angle-of-attack meter for ’

X -~control, no basic change occurs in the stability of the system.
(One advantage of the local angle-of-attack meter is that its
natural frequency is not in the frequency band of the control system.)
The stability of the system is- further analyzed by, first, removing
the aerodynamic forces (@ = 0) and, second, increasing the structural
damping g from .002 to. .005. Removing the aerodynamic forces
(for this vehicle) has very little effect upon the stability of the
oscillation; increasing the structural demping results in a stability
increase. (Figures 32-36).

To determine the validity of the filter design and the attenuvation
of the signal, a phase study was made for the bending mode roots
at 4O seconds flight time. A root locus plot (Figures 37-40) shows
the phase of the first bending mode to be only 45° removed from
optimum stebility. The second bending mode, which has marginal stability
for early flight times (Figure 25), is stable for all phase values
(Figure 38). A larger structural damping would increase stability,
and it is believed that the Saturn vehicle will have a larger value
than the conservative g c= .002 used in this investigation. A practical
value of g . = .010 is predicted by the Structures and Mechanics Division.
The third and fourth bending modes are stable, independent of the phase
(Figures 39-40). Again, a larger value for structural demping would
increase the relative stability of the system.

c. Local Angle-of-Attack Meter, Lead Network for
Control Damping

Replacing the rate gyro by a lead network, a local angle-of-attack
meter is retained for o -control, and with the exception of third '
bending mode, which is unstable for the first 20 seconds o flight time,
+all bending modes are stable. The third bending mode instability is due
to undesired gains in the $P-filter; however, the condition could be
removed by increasing structural damping or by more attenuation in the
filter.
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To illustrate the effect of coupling between modes the percent
and phase of the contribuyting part (/g'min) from each degree of
~freedom in relation to E, (0° phase) is given on Tables 2-4. It
is noted that very little, If any, coupling occurs between roll and
pitch. Any oscillation is predominantly of one mode. For the third
and fourth bending modes, feedback occurs through the o -channel.
(Included on the table are the percent and phase values obtained
wvhen propellant is allowed to slosh. Only slight changes are noticed
ag a result of propellant sloshing.)

For the local X -meter and rate gyro control, the absolute value
of the variables (/C?min) is given on Figure 41l. Several factors are
worthy of note. To excite the feedback loop, a vehicle nose deflection
of approximately .006, .07, and .02 inch is required for the first,
second, third, and fourth bending modes respectively. Note, also,
that the fuel sloshing amplitude ?nf (Figure ME)is small.

The swivel engine compliance effect upon the control system is as
follows. DNear a resonance condition of the engine, gains and phase
shifts are created in the system; however, no instability occurs as
a result. Very little change is noted in the first bending mode
stability.

d. Rate Gyro and Position Gyro at Different Locations

Of further interest in achieving optimum stability is the
location of the rate and position gyros at separate stations. To
analyze this effect, the rate and position gyro were placed respectively
at the top (X4 = -47h inches) and bottom (X = +36 inches) of the
second stage. The results (Figure 43) indicate that no detrimental
effects will occur upon vehicle stability if the position and rate
gyro are located as stated above.

2. BSloshing Roots

The criteria used for designing the filters neglected the effect
of the sloshing propellant. This is permissible when correlated
with the assumption that the forces resulting from fuel sloshing
will not have an appreciable effect upon vehicle bending modes and
control stability. The assumption is valid as long as the frequencies
are well separated and no dependency is made upon the control system
as a means of damping the sloshing propellant. Filters designed with
this consideration proved to be effective for bending mode stability
when the loading due to sloshing propellants were added to the investi-
‘gation. Therefore, this portion of the analysis is concerned with the
damping of the sloshing propellant and.is performed using various
control systems designed only for bending mode and control stability.
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This leads to the fact that damping of the sloshing propellant must be
achieved by the incorporation of anti-slosh devices introduced into

- the propellant tanks. Since weight is a critical problem in vehicle
design, the baffling must be one which will provide an acceptable
relative stability with minimum weight. This part of the analysis

is thus concerned with the determination of the relative stability.

The loadings due to sloshing propellant can occur from four types
of wvehicle oscillations.

(a) Translational oscillations
(b) Pitching oscillations

(¢c) Roll oscillations

(d) Bending oscillations

(Only the propellant in the cluster of TO-inch diameter tanks is'
affected by the roll oscillations.)

To determine the effects of the preceding motions as interrelated
with baffling and type of control system used, sloshing roots were
obtained for

(l) First and second sloshing modes - TO-inch diameter tanks.
(2) First and second sloshing modes - 105-inch diameter tanks.
(3) First roll sloshing mode - TO-inch diameter tanks.

The results indicate that the stability of the sloshing roots
is affected very slightly by the type control system used. Figures
b -48 show o?vs flight time. These <'s are basically the roots of
the uncoupled sloshing equation and are changed very little with
a change in control systems. Figures 49 and 50 give the damping
factor 3 of the coupled root. This f is approximately the 7§ of the
damping device used in the propellant tank. For the rate gyro and
Edeliff angle-of-attack meter case, the sloshing stability was
investigated for two damping values, namely, 7 = .005 (smooth wall)
and 2 =.033 (Z-rings) Figure 46. (The damping value § = .005 is
given only for the rate gyro and Edcliff angle-of-attack meter case
since)very little change is detected when another control system is
used.

To further substantiate the sloshing stability as presented by
the above results, an artificial phase lag § was introduced into
the control system in increments from 0° to 360°, The effect of the
artificial phase lag introduction was found to be negligible; therefore,
Figures 4kh-48 are valid for any artificially introduced phase lag.
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Stability can be achieved already with damping. Without anti-
slosh devices the result is one of low relative stability, in the
order of e--03t, and for the Z-rings, this factor becomes e -.15t,
Hence, damping in the T70~-inch diameter tanks should be provided by
using Z-rings; damping provided by the smooth walls ( ?,V.OOS) of the
105~inch dlameter tank is sufficient.

It was observed that the first sibshing mode of any tank is coupled -
very little with bending modes. Tables 2-4 present the percent aﬁ%
phase of the contributing part ( Bpin) in relation to the total Hmin.
The major portion of/B is contributed by the rigid §p-oscillation.

Figures 52-53 present the absolute values of unknowns for the
rate gyro and local angle-of-attack meter as a function of flight time
for the sloshing roots. Several factors worthy of note are:

(1) bvending mode amplitudes are small

(2) the surface amplitude of the propellant decreases as
flight time increases, and

(3) the Yangle increases with flight time.

An increase in the moment due to sloshing is observed (Figure 54) with
a slight increase in the force due to translation and a decreasing force
due to bending. The moment increase is a result of two factors:

(1) There is a larger ?pangle.

(2) The sloshing mass M is displaced further from the vehicle
center of gravity as flight time increases.

The clustering of the booster tanks has a decided advantage for
sloshing stability. This is due mainly to the small diameter (70-inch)
tanks which result in an increased sloshing frequency and decreased
sloshing mass. Figure 55 is a plot of the ratio of the propellant
sloshing mass st to the vehicle mass m. The percentage of sloshing
mass 1s always below 3 of the total vehicle mass.

It can be concluded that the stability of the sloshing propellant
depends primarily upon the type of anti-slosh device used, and the
location of the sloshing mass. For the SA-l vehicle (propellant in the
booster), the tanks are well located in that the sloshing mass is
behind the vehicle center of gravity. Report MNM-M-AERO-1-60
(Reference 5) shows this to be very advantageous from stabllity stand-
points for a simplified system.
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3. Torsion Roots

The same philosophy and definitions stated under the section on
lateral bending modes are applicable to torsional bending; therefore,
they are not restated.

The results indicate a stable oscillation for the two torsional
modes investigated (Figure 56). Table 2, defined previously, reveals
that there is practically no coupling between the torsional, pitching,
and bending oscillations. This is a very desirable quality. The
only coupling present originates through the gyroscopic reaction moment
~ of the spinning turbines. (Since the torsion root is practically
identical when the propellant is frozen or free to oscillate, only one
set of values is given. It is further observed that irrespective of
the control system used in pitch or yaw, the torsional roots are the
same; therefore, only one case is presented. (See Table 2).

The effect of engine failure was not studied in this analysis.
In the near future an investigation will be made and the results
published in a subsequent report.

4. Swivel Engine Roots

Two roots associated with the natural frequency of the swivel ;
engine were obtained. One, fed through the roll channel, is coupled
with the second torsional bending mode; the other is coupled with
the fourth lateral bending mode. In the torsional coupled root,
engines 1 and 2 oscillate 180° out of phase with engines 3 and k4;
the result is a lower frequency. (See Tables 3-4 for the coupling
and Figure 32 for the stability plot.) The stability of the root
coupled with the fourth bending mode decreases but does not become
unstable when resonance occurs at 70 seconds flight time.

The different control systems had very little effect upon the
stability of the engine roots. (Tables 2-4).

It can be stated that the swivel engine 0601llations have good
absolute and relative stability.

5. Control Frequencies

For the present vehicle, two control frequencies exist; one
in pitch or yaw and one in roll. For this investigation both frequen-
cies were chosen as .3 c¢ps; however, it is now believed that the roll
frequency should be increased to .5 cps. This will be investigated
at a later time.
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Since the different control systems (pitch or yaw and roll)

- were designed for a .3 cps undamped frequency and used the same ag,
a1 and b, gain values, only one set of roots is presented. Figure 57

gives the value of ¢’and w for the pitch or yaw and roll root.

Torsional or lateral bending modes had little effect upon the
control frequency (Tables 2-4); the feedback was through the rigid
body rotational motion and the angle was sensed by both the gyros
(position and rate) and angle-of-attack meter.




AE » \

25

V. (C) CONCLUSIONS

1. The control system has no adverse effect upon the stability
of the sloshing propellants; anti-slosh devices placed in the tanks
provide the damping. The vehicle would fly safely without any anti-
slosh devices in the 105-inch diameter tank and with Z-rings in the

- T0~inch diameter tanks.

2. The coupling between the roll and pitch is negligible.‘

3. Several different type control loops can be used fo providé
vehicle stability. The type control used is to be determined by
factors other than stability achievements, since all perform equally
well. ' ' : ‘ - ‘

L. ILoadings due to propellant sloshing had no noticeable effect
upon bending and torsional mode stablllty.

5., There is little or no interaction among lateral bending
modes . -

6. Control frequencies are well defined for all cases.

T. The use of accelerometers for angle-of—attack control is not
. practical at. the present time, due to high gains in the accelerometer
loop at bending mode frequencies. These high gains make appropriate
filter design impractical.
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Time

10
20
30
iTe}
50
60
70
-80
90
100
110

M

451 .22}
= 27,648

o
1

o

16,306
12,575

173,008

305,702
130,264
487,23k
Lhh 121
345,964
229, 081
116,584

50,978

TABLE I

F Total

1,317,353
1,331,746
1,355,479
1,386,321
1,420, 06k
1,451,249
1,475,329
1,490,250
1,498,184
1,501,597
1,502,792

y

1679.58
3660.14
6002.40
8771.93
11,944 .03
15,371.05
19,639.95
25,387.48
32,985.21
42,655.41
54,520.87

27



BUTHSOTS WATH,
BuTysoTs o\z*

SPON PUT 4t
SPON. 38Ty

¥

600 = ¥%
2000 = '8

LtLl BgrTyT | oT-8E | @2'0TT | 92t | ST'g oT-g2* |eT 6% lgoTs |T6'oee | ¢ AT|90°wOT [9L' [HE-60T {4l® | CH°062 { T | S6%6 [ 0OHO'G-
9~ - 9- .

0e*6 |T0°95T | 0123 #6808 | 61°99 | T@'£92 w920 | T QT | 0T~ |2o0°lgz| e8' |lzvme |emt  |nl'Eg | oK CnTT9e |CHE | '@ | 00gh T

0£° T2 |00°3HT :o.d.n:. -G6°96T | 686 | cerot OT-Che | THOTE mma.ma. 9n°002 | T |60°90Z |08°¢ |CECoe |GEtL | 997l3 |H@TES| St | 06l8TT,,

7661 |00°208 mmﬁ.mm. g6°26T | 6%°CLY Le"T6T LT 6L cge mmﬁmm. geg6T | €6 |6L°COT |€Ct | 66°CST (89T | CHUT6E [L6'3 | CO°C | GGLT'-,

TE2T |92 QT | mw?ﬁ. oG HLT | 96706 | g2 20¢ %H«wm. g89°¢e ;mmalwa. 92" Ly wg'e [LTHo2 | we'e | et 0eT | 4&° 69°202 | 00°T¢ | 86°0T om:m.-**

1902’ |TH'e02 :ma..;n. LE 6T | 6L 4L LT 46T mma.mm. wleoge | ToT-h@" |9 Loz | OL® [L6°GET [let | Hl-coT |26t | £B°TET #6'2 | §T'9 | 0TO2" -y

€6'gL |66°Ce2 | OT-RT" | BT'CHT | 86O 86°C0¢ | OT-OT oy | Q02 #GogT |  66°LT[+g T | 08T |@etgNT {06 | Lw'le€ [ 4Gt | 9L"06|.063G T

gl [ €6 Lyt | ST Cze0gT | OfgT|t@ T | ng T | C6'NT | ot | BE-GEC |G | TE"06| 00BL7E-,

28°89 14971828 PR g0°€9 |9l9+ | L6°geT o g2 ¢ m.nma-mm. 8e 49 65°¢ 196" kw2 | L | 62°LG | 90°T | €B°THE | 63'T | 64°S9 ] 89TE" -,

€989 3819 | ley 8 H9 182 |20°642 | ente | 96°€9 | 36T | wl'the | €9°T | 067H9| L&l

66°4C {89"€LT mam.ﬂ.mw. T9°g8 | 0¢'@ | cotle | oTEg” Le-962 2219 Ly g6 TT |T6°Gle | #L°T | LotTle| 664G | 66°CLe | €9°T | +9-Liu| €098° - 2 IO

6L°0% cortg | T 61°T6 og g loT TLe | LT°C | L2+698 h.66°HG| 7@ 0L2 [ 66°n | 0S*oH| Tkl -, pllacdicid

€8T |ge°8S ﬂma.mm.o ge 6 | 99¢ LT |oonls |g6gre| 60T |cotoTe | 6T°T | w6T0BT| #°T6| Sh'Te| GREST-,, T HA0W

Ll gGr9¢ | 2g¢ | %0°gos o 2T 8E0 | 827 TR .:mﬂump.o €9'6¢ | genlo [gorgez| 60°T |2z @ | HTT | €gr08T| 'T6| 6¢7T| 6TLO"O-, DNIANTE
asvEI | % ESVES % HSVEL % HSYHL 9 FSVEL % HSVES ¥ @SYEL | % asvEa | % | ‘meveEi| % ovmx E
NOVEIV -0 -TIONV TION BOLIZ SPOR PR - 9DON 3ST SDOH Uy SPOH PIC SPOH P SPOH 35T Too

SHION TYNOISHOL SHION HNIQNFE
I-vs
("Fy) gIOVIMVA HOVE WOMZ § 0 INOOWY 5008 09
OUED AIVY ;

28

YATAR HOVELLY ~J0-F'IONV. LITTOqH




(92
8V

SPOH P,
SPOH 38T
¢g0'0 = 38
2000 = "
T'oLT|oT¢e | 0°08T 9°66) 3'QTT By 2l:09 :.o.a.mm. 9"ICT| OT8’ Gr6TT o%a-mo,n. T'20¢| Q166" | 67T %Tmp. 00°062 mw,Tmm. 0T¢"3 | g48°~ | ¥ TIONINOD
61°¢8 %ﬁ-mm. 09°¢ NHmeH. 00782 mm.n.m. et 866 ' ZEB| 0T¢e" | 0% wma‘m. 00°6T | ;018" |68 Q1T lo0'3Te ore €g 68| TET'9~ | Y THAIMS
Gt Leg [SAFFAL mma.mm. HT*GTT L |6T°8 mm.?mm.. 2T 692 LgoT* |64 lse 80°96| T 60T 69°6 |0g°HTT ¢l |hl-G62 02'C | 90°H6[0LEg H~ | d THAIMS
Lt*06 9°92|T0"95T| oT-ge” C6° 66T g 69|Te"¢oz| H9e0" |18 H8T Jiia i £2° 162 @ |6L°26 (SN R 1€ |10°¢le 06°2 | 68'T |otle T~ | 4 TOWINOD
83°gL TT°9 |00°eHT :mﬁlm:. 21" L6T 2g Lg[cz 0T nma.?. TH0TE ;mwa.mﬁ. 2g°002 6n'e (S HTe 00°2 |92°608| ~ 06'¢ [9L'3¢ L9*Le} 65°8 ompm.-**, ANVE VI
N6 2g°28T1|00"2028 %a.mm. 00°98T §9°08|L2°T6T %Tﬂ. 6L-¢o2 mma‘mm. e epT| - g6 |8%°¢0T g [ogront f3°  [40°Llge 9Lw | %0°G [L6LT"~  |.S0T HSOTS
86001 26°L |98 gt OT-HE" €6 %LT 169592 208 m@.?mm. 89°¢a mmiﬁ. 19 6g°z [ge Tre 913 |Le92T gls [¢6r602 0g°62; 26 0TjoEHe"~,, | MWL "VIC
16°¢6 1T°2T[Th 202 :m?:m. 28 68T 6L Tg|LT 46T nma.mm. nle9ge| OT-HE (¢h'Gee Lo*T [gh gsT 62 [€9°0T2 99 |9T°%T 60t | @T°9 jetog* -, | 4Ol HSOIS
06°0T¢ H1°8¢|66°¢ee m%.m.wa. 86 "2HT ¢ |86°G0¢ %Toﬁ. €0 CH ﬁmﬁlom. gL-oo2 02" 65| St GHT %< m.».mﬁ Le*T |66 ges 29'T | T T6/4018°T~ | % HAOW ‘€
06°e% H6°¢C L9 Tge (2T 4G+ 09 1T |Laggt o2 2e €6 mﬁmaumm. 2129 T9°L |GeHhe]  Tees|eolS ¢T'2 |98-6¢2 nkeg | Lo gologse - | ¢ HAOW °€
91'HTe 29° 6| 19°CLT ﬁma.mm. e 48 g6'T [G0"L2 2tes 1S+ 968 m«%a.mm. 81°88 62 ¢ |96'¢le €6°T |6T7998 HT el 26" tle T .om.S L100*- | 2 HAOW '€
LegtT ity |g2-g¢ | Q190 2L gt 26°¢ | 0°Q0% or2T8e 0 (82 TH ﬂmﬁlﬁ.o looy 69°0 |95"LT2 80T O£ 6T LT [ 96-¢8t Lg-lgl TS TE[€66t0- | T HAOK '€
ASVEL % ASVEL % - ASVEL % ESVED % ASVEL % ASVEL % HSVEL % HSVHL ¥ ASVEL % COVRE| VR
JOVLLV ~40 ~TTONY TION HOLId SPOK PUZ SPON 38T SPOR W3 SPOW Pag SPON PUZ SPON 38T oow
SEQON TYNOISHOL SHAOW DNTNAT
T-v8 . :
(“T™) gevIevA HOVE WM © JO INOWY , 5,098 09
ONIHSOTS BIIM
) OUED HIVH
YHIEA AOVELY~E0-FTONY TV00T
¢ THEVL



o
M

SPO PUZ_
R
SPOH 38T
"
2000 = %
:ma.&a. 80°HOT 898" |€8°QTT, %Tmm. 61°Q 20°66[2T 692| LgOT® [¢€8°QTT mﬁ.mm. oT*20¢ mma.mm. #3611 mmTi. 6n°g6e m@a.am. 99°0£T |09 " T, 4 2 NOISHOL
mma.ma. 38°CT. 960°2{36°4T | GT00° [Te*¢92| %920° |1I8"H8T 6L*L6{T6°ST %H.R. Ln96T|,0T-89"  |8S"G6T %Hlmm. ¢l 9gT .m.o.a.mp. oT'ge |olgc -, |T Rorsuon
029 {00°2HT %.Tn:. 81" L6T] o2 gs| ¢e ot nmﬂ.m:. TH"OT¢ QT2 mm..oom 64°28 [88"¢TS 86T |L9°0TS 1g°¢ |nlegc. 92*L2|65°g |0ble’ -, |MNVI “VIQ
Le-21}00°2028 anAm. 66°C8T §9°08] 42" T6T :mauﬂ. 6L°6g2| QOT-gc" |€9'T6T| 86" 6¢*00T 6 |TIgET gL* |9T°¢ge gL't |#0°G  [00QT'~, LGOT HSOTS
6g°L |92 QT %H.;m., 86 HL1| 95°96| g3°20% mmﬁ.wn. 99°¢2 mma.wa. Le29 8g8'g |01 TTe ¢T'e |Gl ¢et gl 1lgroTe 28°68|26°0T [03HC" - | MV "VIQ
HI*2T| Th"2028 :@H.:m. 0% 68T, Lg-eg| LT 46T mmﬁ-wm. #L-9g2 Jgrer 0¢°612 OT"T {8%"95T leg* {6l 902 99" [nl-6sT 92°¢ |8T°9 |0T08"~, | .0l HSOTS
€o 1| 66°¢32 (2T 8965 T| 62~ |g6"%0¢ QT gosen | Q103" |TSTT0R TL*9G{ TL HHT TG | LnrenT T j2erges 09°T |Sh*T6 |06L8°T~ [+ HAOW "€
¢6:¢cl L9188 (o 25729 8E°T LG gt o T 32¢6 N%H-mm. C6°19 6n°L |02 e T9° 05| 6¢°96 12 | & 652 Gh'g |£L°G9 [00G2 - | & FAOH €
90°9Te G606 19 CLT mﬂma.mw. 398 88'T |¢0"Le e R.wm,mﬂmﬂ.mm. Lgtlg lo*¢ [oe-elz 26T |00°692 I TH| G4 0Lz Lu*T | 4G o [Lo00*- |2 HQOW "4
€T AT 929 |g2"8% ﬁmad.m.o 96°¢¢ 9e°¢ [h0"gos o JTEE0 (8 TH ﬂmﬂ,..mp.o 5.? 19°0 |2T1°9T2 OT"T |LL 4T& LT°T |9T°¢8T LglgigS T2 |0T66"0- | T HIOH '€
HSVHL % ESVEL % HSVEL % ASVEL % HSVEL % HSVEL % | gsvEd % HSVES % F5VEd % COVAL| IVENM
SOVEIV ~20 “FIONV TION EOLIL SPOH PU SPOK 38T SPOH U3ty SDOH PIE SPON PUg SDOY 38T hrelo
SATON TYNOISHOL SHON DNIGNAE
T-ve .
(9Fy) FEVIGVA HOVE HOHd § J0 INNOWY 5,998 09
DNTHSOTS, HL ALEH-P TYO0T
0o="% O¥XD EIVY

 THEYL




T 390014

—
™
379NV NOILO3I 143G  3NION3 - !
NOILD37430 ¥VINONV VIOL = cci\,iﬁw
ONION3E Ol 3N0 NOILD3T430 YVINONV = 31>§.M
NOILD31430 ViOL = :iﬁpw,& X-% =4
NOILO31430 3SSIN QIO = D> X-%

NOILO3T430 ONION38 = (x)7A7L




. & J9ndrd
SNOJLYI3Y 319NV LNIWIONVYHYEY 3INION3

HOlld :

/ SNOILVI3¥ 319NV



x TOCAL ot -METER

sta,

-752

sta,
~535
X ="\"Z——RATE & POSITION GYRO

— sta,
=348
,._.«I
A
B
u
VB |
2 — sta,
- ‘X'~b~_jz_ -8
—— POSITION GYRO
TANK 1 1zl
70" FUEL :
v— TANK 2
~ 105" 10X
TANK 3
70" LOX

~ SATURN SA~1  (CASE V)
DUMMY UPPER STAGES




4 aan8Tg

34

W3LSAS "TOHLNOD

L— y314

asuodses
spIssIwW
¥31d (s)a °q
aNIONT |—|{(SIV
L | !
4 w314 IAmETL.mm&
p . MHOMLIN] ,
C v L% _avan
Y U |
| O¥A9 ¥
! . ' ‘.I.Lr
s ¥3Ud b= '» b= -~ b
+
aNION azi
+ + MHOM 1IN QVIT—-—= i —
O¥AD 3UVY ———— ! d
L ¥3LNd EHSIgRSE &
m
°d

O¥A9 | d
o1 3l Tlis

40 AVE9VIa XJ078



T

i3

EE)

FEEG

T
T
=S H
¥ e
' 21 +
i n .
8 NTE 1t T
£8 53 o
i’ A ESRREL H I
EaaANRER) A




@

4

&

Do @

® i

i

d

et

HiS

5
5

S

T
7u13
H
3R
it
sEymENhN I
iis]
T
ip=n
e
e
I
T
o
i
9SwALuA
it T
TF
i
F
T
4
Gk
(55}
imRE
T
R
1
i




L]

R

=)

Tt

1
pr




o f
8 : !
.;mw % .ﬂ
X ~HE : HH
o8 2 wwend
u -—
H S5 e
: o &=
- i <
XYL .
L4 > &
£
20089 .
22258
. & 2 e
@ @ mij
2e238 B
¢ s o




ey
el
Inmy

i
1 83

EAEEEN

i
5}
+
T
T

.

1
s
1
N
T
e K3
T
T
o
it
vt
1
Ly
A3
1
s




2 A
oN! i
Ii}
|
D eHP D
" ¥
|
i
1 4 i
il g
S O ]
.
S 1] 3
3 B
| o i 4 H]
I i E 2 ﬁ‘
o / il :
H ! |
Hli IT
ﬁt
3
Les in}
_ o
H i I
" ! 1 K
L
i ] o
J ! ! i)
Pl .
o ! >
S +
i W
>
bY)S J
3 ™ i
B
1
AN
S o
I i
j A _
! ! I
hs !
hd il RZulll it o
i
i
o o o Mo ™~ W oy 0T~ W o~




B B HOG

& L]
(e @
; ®
@8 ;
B K @SB
i
H
T
1
£
s 7
1
ok ﬁ '
t K Hds
v Qﬂl oo i
B

b

S

i

u

]

T

i

!
¥
1
b
L in h

;
a1
t

i

b

AR X3




Tt

ot

it oy
X
i 1t ne
H 7o o)
i HoF
y it
s

Hh

i3

s

s
=

E5Te¥
EEnEa

et

B




L3

& e

&

WM b !n.«m

o -

" _

i 5
i L
B

Pt




run
far

Tt
1
1
1

11T

1t
3

T

9

SODER ARESRENNNL UREL
Hr o

R

I SEEEESMENNEEREEENLL

T

1

B

2]

&1

»
A
£

H
¥

;

T

T
NE
tHT

i
~

TETTITTI
IuBEEEMERE ]

EANENNERAE |

AR AR




RN
POt
 SHa s

T

o

BB e
2 AEMuu

T
RRENEEEE

LR

. i wa
EE--) 71~ 8 wRMER
t ]
1D M

T
T
i




&

+

iR

o T ]
T {44
i A e
HE
N7 ag
|
f -
£ ;
) 2D H
’ 72
1
o
t i
H

P

3

IILLT




LT H¥NDId

HHOMLIN T4 a
aval oy e _ 314 doNad
i | 1 !
T T m B A T
g I i il i it
H 14 i bbb } i 1 |
e g i i
2 Eml i h_ EIRAANN
1 | i
R ! et i +
| v ! {
i i bii g i
_ : :
F L2500 IR :
5d i 3
Terie SN \ 0 . m
HHI i
i1 i f L
; : [EEREN
RHH ! i ,
™
N =_ ! : e I RS
N i !
N il i
i iy
N N i I T Jis
A f : p o
N i } \\
il i, §
_ i Y, i
N I Al | i = -
TN i Tydu j . -
il IR g i Alll
) " Ii
| Il f
I I e
I i
| | I Ll D
1! _ :
i T , I
! I A I
! ! < i 1]
b I
! \ \ 1 BT
4 i 3
h i’ 1IN | i
\
i
i \ i
3\ ¥ ;
mE L] 1 fi H1i0L el
1 nzH‘dwm ' [ i 4 _ _ | __
LTl LE =g _ _ — I ,
ST N i ) L § 4 _ i «
\ | _ ;
I
1 UG L
L3 o0 ™~ MW M~ W w < o o~ Ll @.amm ~ow w0 A3 @ ~ D W NS W w -t L) o™ e




L]

i -
L‘.a ) & LR
:
Lo
i .
.
: &
puy ;
=
it
£
1
]
T
s ;
2,
i}
;
: i
!
7
FEsEe S s R -
R
; : B xSy A
i ]
r ree!
T T 1
H } 1 iy =
1 T T = - 1
I s - L




“ _ “ : T T T T aspanaay:
: ; : : ifiaut 5, : Ee e R
13 T 1 T T Ll
_.
=3
;
; |
;
2888 F
b
sauN
,
:
!
\
:
H
;
o £ :
R
,
;
I9 y ; T
] , SRS
]
T,
!
n HHH HAH
ChH
.
) * ® 4 * !



m TR
In : T
b o w. af LI A v [
fe . - i e
= =7 | 3 =
i Fin e
=R —l
i LA
- 1
18 : 0 "
an i +
i ! i
H i R im e Er P
\ | : =
\ ! h . =
i M i g 5]
\ ! -
T\ ; m
B
L o i)
\ v
\ 5
\
\ =
7 7
7
“
| J
! g L
\ PR [
{
1
IR
J _ { =
X i g
AN
ya
5
I =
{ IOl &
{ i
1
] i)
1 g
| *ﬁw " x Lr
] ; =G Inde -
i L ¥ i1
Wk e -
.A- M_.Mn A
Y 117 4 .
I‘ﬂrgl l_zl [ " o - -
om -] m 4
g = ‘too) HE Yooy UHNE -



i
£t




D P __
B
52 B DeP
T T ; T
T ! ; t
f t i t H
T ; !
s t
H
5
{0
5
i
e
i
i
i
H
i
%
i
i
NG
H
£t N
= H T
5
tH HH . &
i i Fi L5 HHEH




1 | T
3 EHE
Yl B
g
v
ey S
4 Py N
) Lo Ofil 5 y AIUBIDe 11
el
£ B
T
b =1
~ ——
B =
\-\\
L
K R L [¢
B g gl MO i 1l A
A T % e
o YV % “
2 7 L
A
2 = , 4 N\ ﬁ 3
= U LR »
- W
I/ A A
Z
N AN
/ 1
N [ ]
Jtt T
B i
: 0 -1 VI T
L N LT DI ot
N / ool -
1] 1
/ L .
{5 =
/ o
4 N I N
l ] ) &
Il 0y
i/ p
N
N B
™ L
v P
3
3
i ﬁn Urng o ¥t D
HWEL ] i 9 3 o Pl UDITE Xl
™ 00 .~ w w - L * o -
> w ~ w w0 -F ”m ~ -t

10,
9,
8,
7.
6.
5
4
3
2
1



i
i
w

2

BB W

& B

P

H

a3

iy
sl

TVET
LT

JAWE

+
i




TIIT T

YOTTT
v 3

4

re-
)

ral

o

E,

H

5

H
1t
et

i di- B
oH
Py
o
Tt
At

L
"
o
S un?
in=
>y
¥
¥ g, 1
5
T
22 1
5 5




]

0G4

o 5
EHRC
E
; - E ;
T k! IR 1
; : H ]
b il
a
s
} T
o 5
1 1
e 1]
!
-+
t
+ = T
} : : i ! ;




BE

IR OT,
£ HEa
oo
b
L |

“m H FHE

e H iR
rll

r X 4 & | |



Tt

i

£

IR

T
M
T

Ly W Rl
P AW

(]

T

%z




1%
ITir
mun
ﬁ
1T
et
em il

et
I

¥
T
it
#
|
i

T
it
LITt

i

3
;s
T
T
 £8 )
SN
T
EN]
YT
LEHEI
%

it




s

T TIT

iy
TIT
ui

‘s

o0

TR

piR N E i
b

By
T

gt

£l
»
a
B
B

WA F

iy

WL
V3
A

i
i
i3S
1
T
it
i
T
T
T
20
Vi
25
il

60




T
Riis |

4 &}
re
i
{3
|l

&
43

)




HELD

L

i

£

L MNN
Y




ri
s
351
ﬁ.

o
TIT
TH

g
1

.k
i
1t
H
10T

g
Hr
¥
Tigt

t
P
T
T
Sl

s

HEH




i
BH R

HBD i A ke o W g &
S e & ¥

T N
S & w9

193
ap i
i
¥
72t |




H

T
3
]
L

EM e

1
T

Y
@ e
mo e neg

T

e




1
634
L 37}

it

: A

i

7 UM

it




67

&4
&

TR
ik en

ama;

3



]

B2 2
s &

i

Ey

@

G k2
3
@
3
@

@

s

i Eiwnil

| <F3

=t

S




LY

B

o]

Ir

T
P
G NS
TOTEE,

1

l! T

i 1ai




i B P

o

[ IR &

o [T
] £
@ ?’
o 2w
@ w0 *
Sssens T
&
4
ol
A
3
't
T
>
ekt
T o
H
X .

H 53
: +
H s

i

e

1of

G

¢

IRE 3

+ Tt

. i FEE

i PR i

Ll EiT iR ¢
L3




& =
® o
s -

0008

0007

0005

000k

0003

0002

0001

000

T

T

Y

1T

T

26

s

H

o 0B

.0

.0

[&]




1
T
T
i
o
e
T
T
'
NN i
T I
i
T




ki

@

73

~
1
o
ik
E
T
o :
ng'r
Fib
AU
-
b
a
H
Nas: i
H
L
e
S
Hey
I
e
F
i
b
3 1]




ERES L
s e
P - T

& 2
z

I
TIT

fapan|

Tx
SE R xS
Fre

T
i

Tf
it

Il

Wy

Tt

A

i

Th

ey ELieL BRI




s H
: -
’
R E T
N~
B =
EEsaasy
ﬂ =
ol 1..__
o
o og 0 A
! f
¥
} 5
11 Y H
LR SRERN) S
H
:
i
5




@

-

-

EENENNEREE

TIIT
NERL

as

r-y6




i
i

z s

5

F

=3
Ead
)

ER]

1

TTTT
P
R




@B

i

Tt

&




i
+
b

TYITIT

Nt
1
T

i




Lt

i

iy

1. i

i 4
T

T

T

T

gr

%

v
¥




L11E

._ , .
e = £ i
o
£




iy

LX)
& =

& 9

reens
= -

aE

T

ot
FEEE
HH

¥

T
 Has

T

T
T
T

DrL

T

T

LTI

T




T
t
;
e
b
t
i
H
an
H
t
I
t
;
1
E
"
t
1
;
T
¥
}
!
1
+
i
T
}
1
}
;
1
;
1
1

T t } i suswy
t R HHE H 0
o i pE

120

muu
T

AR ESeTve

; T ;
; uanemmn tH
i £ s T
= asiashh Sau: +
T 8!

H HTe ' : i
H S EREAEE SHS, as
_. mad aBani| al

H T
AT ua: 5
: HH et ]
e
: 1 i SNBSS B8 S +11 H
H ] HHEHHH t
: T A 55 11
i t + 1 T { H
iras i 55
Sdnss : 1 | SHEA :
£ n o A 1 i v
i HHH S aEnsaiEcapEARSsaans SHEHH
et o8 Ry, 88!
5858 , :
: T
TR AR } SEAR
, : L + 1 AENE AR agijauanns)
t : 1 ¥ 4 B
i ! BEEE S aasafsaangs
i § - 13
t 1 5
H ¥ : : dithidie g
B : 1 SEEREBRASARSA S
i ek IRUASEEN
h O A HH N o
i + : H 2
: TR 1 HH e
Eadi ' HH i
t ! R o
E B8
i t
3 T
HHT HH
: ] Hi
t HTH
A I j H
X sass = E
{ g H T
7 SEEEEEanad t
+ H t

T

sgun,




pass ; rrr T
HT T 1 T
T " it
} f
T T F t
;
S
H
: :
: !
+ T
; £52 e
:
t T
TH T |
t t }
; t
f t
+ i
; ] :
e T
T T T
H : =
I T T
I} T ! ¥
t ! t
; : ;
: i
! T
i r) T T
£ i
T + +
! }
i
T ;
;
T 7
it t r T !
t }
+ " 1
1 : i
: : i
] ; { ! d
T it T ks
! t t ! Y
ol T 1 T T } it !
T T
He }
A H]
f H
7 jaham By
1 i 4
553 ins
2 f 7 v
! I ;
! :
T
= 1
f
!
f
! B g
! o I :
: ] ; f
o e :
bk { :
5 t : } :
5 ! ! t o
= T T
s T i
- T 1
B ; ] ]
- + T
i i :: ] 1
b i I
s : : :
T ! :
S3usiat: T f + T X :
; el ! T | N :
T T
5 188 B !
! ] : SRR : s
}
! ! :
}
] i
: i !
| ! :
3 T
!
t
"
; ]
T i 1 t 1
= {
gaseed T
I | ]
¥
)
i
ngeen !
I




Eaass]

[ia
0

e

T
T




[ v
]
L]
TR T
Hert
i LR
T s bl :
; n - agng T jan:
‘ 1 T
i : _ s iz e B f
Ses o
L T : : “ :
| : e,
t Tl 1
l = " e ﬁ : “ _
= : |
. £ SiEs T T PR T i
_ L i
- | ; i T S=2a% j38ESES) Eenk t
. i i B | W
XX ! T S i
: T
_ ‘ e : ,;3 :
: I H EopeRa st 8 h i g ;
: i I1 nx 11 !
T T L T n A : : A
- i
T “ _
_ ] ! i
_ Eaaatyee
: e : T -
I 1 _
XXXxx) : ; _ _ ,
. : janes boe Ipaas oo
. . Saiacmnoss : - :
7 3 _ ,
- « : ESEEEEE: : i aIHnT
_ g _ el
[ XX N B J 1 1 H : iz it : m
o » : H HH
1 i =
. . } ! T T ] S !
| BRI ; » e
| H T esgsans!
ose ¥ i |Resaduns: anadore nanel ! - "
+ e : tHa
. . Sugganam T 1312 ! o 11 HY EiRtabiset ! : v
. . = 7 i _ : it |
il ﬁ : : g nas T s t :
T I e T reirrtd ates i i
T i Sunat ¥ & St
XXX XS + e 6281 sase s baaizacstal HiH
. SgaREagdnasse fyduatitas jasd{ges: gt
: | S t H HiiE
. b " : H iaeel casanatess s
T : =
seee _ = i | l
| o _ j : SR EREECEfREEL
e , w T T T |
T bt 5 |OON ek ad ! : :
4% GEad pane o - § ;
. T T ; i ‘ -
. patendlignass Hip T T i i -
o o o : T H ! : m : |
° . : = : 3 i , =
UiiBERE i . -
. ) 3 11 I i £
¢ o o 7 , u .
f - :
HH
. . ! jSasadagas s :
T &
T T T H : !
eosse : i : |
{ :
T 1. T ) 3
Xyl ; n _ -
o : _ | _ ,
: ,_ ﬁ . 7 -
™ T 1 ] :
B
s = iy iy H TR e T T 1
_ : : A rad T
esooe : “ _ _
* o O : H . |
: : 1 T i ] B
e : e m -
sesoo T ] ka8 EHT ; =
. . : 3 a8 sasaannd] T i
: : 4 T i :
e , e3asgsas T + i
+ }
£ lil\A_ T i ! ¢
i _ : i ; ,, 1 113 T
W H * T T it ;
b t HH H4s I
% ,_ | | |
T 5 . ,
. , _ | 4 | |
.l : :
; £ : S5 s yss
T 1 ngRn 8t < : i £ B _
. | i _ SR HETETHEY =
ki 3 H 4 L4 H
i 4 A
it i _
TR E f
_- T T It _ :
: i
1 1
: !




T
T B amanavar
T T T £ feitgei T jistited
H T T T H HHHHHH H
i i EH T £ PR
sijalin SisEssisee T T t H gEisss H :
TR ! i H s ! 5 58
H [ HiEH + + a asaseusansus it
|m SIE e I H Jamsssuseiitenazands BaNERRARS
asga! P T 353 5s H T
o] HHH £ £ fRsE 58 e
O R i HH H iEalaist et
$ERREREdES iodRsaneteanachTances T HHH H SEERaE! M e e
ANSEEERRAN (NENURGE RASNN SRARE Snw S A BRe xonssasssyni 48 Ruge. N RO
T e R Haae saess HHH HEHE
Aeamasanafbaneatu: seit RS iRt ; H *
L X X HeH H e o %8 T H .
[ [ H HH T 5 I Ry £
o000 aake ﬁ SESESSSIE S5 ! 1 i
r 28 et : H geEs Sotn: : LI
. . ¢ ] 2 ﬂ T ] oo
i 2

5¢ duou:

i68ud Siu:

fipatd

ok
; T 1
B joass 11}
.s + s = + T
+ HHE o H t 4 bgud 17 i I £
escoe FH +14 ug. %W: + &b +H } i
. eaea " . H -
22 sadiiiate) sdssssiesiassasase: m_ e TR i i i i
[ IXY Y Siachinns isachnantitle) HEHHH HE TS HH mEsaEn HeEs e 5 fEEs ittt 12
e 2 1 T T SHSEE Sessazosies
i o Sesnd PO S esaan 1an g e saye Ko zansg 231 8eaaan!
EEESEe HHHHET i AR : A s2s2 = it o
= = 1 T SsEn . I 88 Buaai o ISERGEASSSRAY St BEEEE
H T aesttattae o £ SEbEsiacte + P g R
T R H :
H T SissauEsuaEs RiEicitiEasnaaazayassas HHH t = 3558 inagantots
o HH 4444
¥ - il HH-HHH
HHE4H HA T H T T P H \xT HH
b e iesddstnat , + SR A B i ags T
O SR ues T 1 1 T
T 1 + T 1 I
41 P HHEH I + S : :
HE Hil S o4
i I3 t HHHH
2\
28 H H H SEsasses
et
1 P
HH = : i
it e .
9/ Mun
H : e S faseana: Eiaasiiinasinn H
Z 5 HH s sSsSinSTanans teemaznEE
: % 11t + ae s Susmnsoias susamasRas
panse tadly : : - wsas HHHE tmw SEpE T
A yp FE e pRE AT T T P T T e e EEe H SeSanasaussusnsnaass b
Bty it e H e Rasass S ies Eissy st
S R
Eden s SEHH R ; T ]
HEIHyHE H Sees u f + ! HEIE
RaveseiREares S SeunTyead faue T S
- 533 & a
B SRiseanes sansdisedsin: T :
3 REieE H Hr T 1T
T i Enea) T 1 i
W iSiosaoaan: 1 T H ! =
! T 1T T 1T .t
HOH i e oS t
£ HHE & ; H it H
e i RERE SRl ms ‘_ I b T ! :
H B b f H
£ ; : Sitisisas 3
: it H b t H
2oy sean = i t T f
I H ] H
Sl sass ! 5 HH HH
u HE i
T Audavuns 88 SaBaRaRES!
ESteas T i HH T HH H i
1 saasssl I jass 1T i HE £ -
: BaRaNas s it Srassssy L SeeaREAsoeass H HHHH vdsacueNAs vuaERaITY
TR 3 P + ESNuas susanEy T tH HHH
TR 5 Ho Reaans R
HHH ns | Arwj,n + S eaasonss HH anw: SssiassyREas IDARRBRERS
e E e aaeigeasn sananr - oA SN Eeined eeaEsEn i E: H e
H HHT o s He HHH
BT Esass ; am :
i = + H3 fis iSaastates
i HEEH : { a8 jest fERgE:
‘ T O
- i H T T
T RaS I I SRE3]sanyaaas iS50 ioan
T T T4
pands T snagenss 1. gus JesngmanEy
umas T ! T 1 HRHEHR
T T T T T & 8 1
THE T il L 1
T T f B
T tH HHE
. it 13 > ASNSESRBARAR IS ERaRuL SRRRAS! Sasaszass maaranns
M i Hr T ! : issecees it
£ 1 IEEEE SN
) t HHH IESERIN iosatsaes
H T e
} 1T oy 7+
; A eaman SsERis Shaint o
T T Sadassasteanns S
t t
faEsE: s
| SESEEERe:
T

feam

NASA - Langley Field, Va.



